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ABSTRACT 


A secondary optical element may be added to a parabolic dish solar 
concentrator to increase the geometric concentration ratio attainable at a 
given intercept factor. This secondary may be a Fresnel lens or a mirror, 
such as a compound elliptic concentrator or a hyperbolic trumpet. At a fixed 
intercept factor, higher overall geometric concentration may be obtainable 
with a long focal length primary and a suitable secondary matched to it. Use 
of a secondary to increase the geometric concentration ratio is more likely 
to be worthwhile if the receiver temperature is high and if errors in the 
primary are large. 

Folding the optical path with a secondary may reduce cost by locating the 
receiver and power conversion equipment closer to the ground and by eliminating 
the heavy structure needed to support this equipment at the primary focus. 
Promising folded-path configurations include the Ritchey-Chretien and perhaps 
some three-element geometries. Folding the optical path may be most useful 
in systems that provide process heat. 
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SUMMARY 


A secondary optical element added to a parabolic dish solar thermal con- 
centrator can increase the geometric concentration ratio attainable at a given 
intercept factor and can fold the optical path. The increased geometric con- 
centration may be used (1) to reduce receiver losses, (2) to permit higher 
receiver temperatures and so increase engine efficiency, or (3) to lower con- 
centrator cost by permitting use of a primary of lower optical quality and so 
of lower cost. The secondary itself should be small and thus can be relatively 
inexpensive. 

A secondary used to increase the concentration ratio may be a lens, such 
as a Fresnel, or a mirror, such as a compound elliptic concentrator (CEC) or 
a hyperbolic trumpet. A secondary may be retrofitted to an existing concen- 
trator to upgrade performance. However, adding a secondary to an existing 
primary is unlikely to give as high an optical perfonnance as can be obtained by 
designing the compound concentrator as such. One reason is that a higher over- 
all geometric concentration may be obtainable at a fixed intercept factor with 
a primary of a long focal length and suitable secondary than with a short focus 
primary and a secondary matched to it. Use of a secondary to increase the 
geometric concentration ratio is more likely to be worthwhile if the receiver 
temperature is high and if errors in the primary are large. 

Use of a secondary to fold the optical path may reduce cost by permitting 
shorter ducts to the receiver and power conversion equipment, by locating these 
components closer to the ground and so reducing maintenance costs, and by 
eliminating the relatively heavy structure needed to support the receiver and 
power conversion equipment at the focus of the primary. Promising folded-path 
configurations include the Ri tchey-Chretien modification of the conventional 
Cassegrainian and perhaps some three-element geometries. Fo ding the optical 
path may be most useful in systems that provide process heat. 

A secondary or tertiary element has associated reflection or transmission 
losses which tend to lower the overall optical efficiency. On the other hand, 
a suitably designed secondary or tertiary may collect and refocus energy 
which otherwise would fall outside the receiver aperture, thus increasing the 
intercept factor over that obtained with the primary alone. This will tend to 
raise the overall optical efficiency. 

In development of compound concentrators for solar thermal systems, areas 
requiring special attention include optics, heat transfer, materials and system 
design. Many of these problems center about the materials for the secondary 
element, the cooling of this element, and possible utilization of the heat 
deposited in the secondary for preheating the working fluid going to the receiver. 
Significant work is underway that is applicable to these problems; some of it 
is centered around solar thermophotovoltaic systems and some around the 
already developed area of laser optics. Additional effort is needed to identify 
the possibilities and problems of compound concentrators for solar thermal 
systems and to address the problems identified. 
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SECTION I 


INTRODUCTION 


One approach to production of electricity or high-temperature process heat 
from solar energy is to use point- focusing, two-axis pointing concentrators in 
a solar thermal system with a receiver on each concentrator. Concentrators for 
these systems have traditionally been parabolic mirrors, hence the name, "parabolic 
dish systems." With the growing emphasis on low cost and high performance, a 
variety of concepts are being examined to lower the cost of parabolic mirrors 
and to provide alternatives. Among these alternative concepts are inflated 
membrane mirrors, faceted and Fresnel mirrors, and Fresnel lenses (Ref. 1). 

An approach which also warrants consideration is the use of compound concentrators 
A compound solar concentrator is a concentrator in which the sunlight is reflected 
or refracted more than once. It generally consists of a primary mirror or lens, 
whose aperture determines the amount of sunlight gathered, and a smaller secondary 
mirror or lens. Additional small optical elements also may be incorporated. 

There already is some interest in compound solar concentrators, especially 
in line-focusing geometries (Refs. 2 through 5). This paper discusses some of 
the possibilities and problems in using compound concentrators in parabolic dish 
systems. 

Configurations for two-element concentrators may be divided into two general 
classes: those in which the overall optical path is longer than that of the pri- 

mary alone and those in which it is shorter. A secondary that reduces the overall 
optical path to less than that of the primary alone can reduce the size of the 
focal spot and thus increase the geometric concentration, which is often desired 
(Ref. 6). A secondary which increases the optical path will increase the size 
of the focal spot and thus have the undesirable effect of lowering the geometric 
concentration ratio. The chief advantage of this type of secondary is that it 
permits a small secondary mirror to fold the optical path from a primary mirror 
to provide a focus at or behind the plane of the primary (as seen from the sun; 
Ref. 7). This location for the receiver and associated equipment may be more 
desirable than a position well in front of the primary mirror. 

Thus, secondary concentrators in solar thermal dish systems have two prin- 
cipal functions: 

(1) Increasing the concentration ratio (Figure 1) 

(2) Folding the optical path (Figure 2) 

Advantages and problems of various types of secondaries (Table 1) for each of 
these purposes will be discussed below. 

The cost and the optical losses of the secondary itself must be weighed 
against the advantages of using a secondary optical element. The secondary 
should be kept small to minimize its cost. For a small secondary to intercept 
the light from the primary, it must be located near the primary focus. A small 
secondary intercepting the radiation concentrated by the primary will be subjec- 
ted to high heat flux. Therefore, the secondary must be capable of operating at 
a high temperature or. it must be cooled. The problem of heating the secondary 
will be less severe if optical losses at the secondary are lower. Obviously, 
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Figure 1. Increasing Concentration Ratio with a Secondary 
Concentrator (Fresnel Lens Secondary) 
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Figure 2. 


Folding Optical Path with a Secondary Concentrator 
tional configuration with (b) Cassegrainian configuration 
position of receiver. Power conversion equipment and ducting may 
FiP Inrated with receiver.) 



Table 1. Compound Point-Focusing Solar Concentrators 


A. Two-element concentrators 

1. Concentrators in which secondary shortens the overall focal length 
(increases concentration) 

a. Secondary element: a lens 

(1) Conventional lens 

(2) Fresnel lens 

b. Secondary element: a mirror 

(1 ) Imaging mi rror 

(a) Schwarzchild configuration 

(2) Non-imaging mirror 

(a) Conical mirror ("Axicon") 

(b) Compound elliptic (CEC) and compound parabolic 
(CPC) mirrors 

(c) Hyperbolic trumpet mirror 

2. Concentrators in which the secondary folds the optical path (short 
ens the physical length) 

a. Secondary also decreases the overall focal length 
(1) Schwarzchild configuration (see above) 

b. Secondary increases the overall focal length 

(1) Cassegrainian configuration 

(2) Gregorian configuration 

(3) Ritchey-Chretien configuration 

B. Configurations with three or more elements 
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SECTION II 


OPTICAL PERFORMANCE PARAMETERS OF SOLAR CONCENTRATORS 


The optical performance of a solar concentrator depends upon a number of 
factors including the geometrical configuration of the optics, the optical sur- 
face characteristics such as slope errors and specular angular spreading, the 
pointing error, the reflectance or transmittance, blocking and shadowing, etc. 

The geometric configuration includes the geometric shape of the elements involved, 
e.g., spherical, parabolic, elliptic, hyperbolic, as well as the relative loca- 
tions of the elements. The slope error is a measure of the angular deviation of 
the actual surface normal of the fabricated concentrator element from that of the 
ideal geometric surface, and may result from macroroughness due to manufacturing 
methods, installation misalignment, distortions, and statistical deflections due 
to wind loads, etc. The specular angular spreading is a measure of the angular 
spread of the reflected beam from a flat piece of the reflective surface with a 
well collimated incident beam. The pointing error is the angular offset of the 
direction of the incoming sunlight from the optical axis of the solar concentra- 
tor. When designing secondary or compound solar concentrators, all the above 
factors must be considered for the individual elements as well as for the optical 
system as a whole. The resulting optical performance may be specified in terms 
of the intercept factor, geometric concentration ratio, optical efficiency, and 
normalized flux distribution. 


A. COLLECTION OF NET THERMAL ENERGY BY SOLAR RECEIVER 

Consider a parabolic dish concentrator with an aperture area. A, and reflec- 
tance, p . The net rate of collection of thermal energy, Q, by a solar receiver 
placed at the focus is; 

Q = aApIoG<})(r) - A^ [ae(T/-T/) + h(T^-Ta)] - Q'^ , (1) 


where a = effective solar absorptance of the receiver 
Iq = incident direct normal insolation 

G = geometric factor to account for shading and blocking due to 
the receiver, supporting structures, etc. 
i’ir) = intercept factor as a function of the receiver aperture 
radius = r. The intercept factor is the ratio of energy 
entering the receiver aperture to the total concentrated 
energy reaching the focal plane. 

A^ = receiver aperture area = irr'^ for a circular aperture of 
radius = r. 

a = Stefan-Boltzmann constant 

= effective emissivity of the solar receiver 

Tf. = receiver temperature (absolute) 

Tg = ambient temperature (absolute) 

h = total convective heat transfer coefficient, which includes the 
temperature-dependent natural convective heat transfer coeffi- 
cient and the forced convective heat transfer coefficient, 
which depends upon wind velocity 
Q'c = rate of loss of energy by conduction 
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The geometric concentration ratio, C, is defined as 

C = = _A 

p 

irr'^ 

The expression for Q may be formulated in terms of C as follows 

Q = A{aplQG(()(A/C) - (l/OMT^-Tg^) + h(T^-Ta)]} - Q'c, (3) 


where the dependence of the intercept factor on the receiver aperture radius has 
been replaced by the dependence on A/C. 

The above expression may be generalized to include a secondary concentrator. 
As an example, for a two-element concentrator with reflective surfaces character- 
ized by reflectance values, P], PZj 'the rate of collection of net thermal energy 
by a solar receiver placed at the focal region of the two-element optical system 
is given by 

Q = A(aPi P2"loGi2 ‘f’i2(A/0 - ( l/C)[ac(T^^-Ta^ ) + hlT^-Tg)]}- Q'^,, (4) 


Here the exponent, n, is the average number of reflections at the secondary. The 
geometric factor, G]2i includes the shading and blocking effects of the additional 
optical element, and the intercept factor, P] 2 , is deteniiined by optical analysis 
of the two-element concentrator. 

The above equation shows a trade-off between the geometric concentration 
ratio, C„ and the intercept factor, 2 - Suppose the value of C is increased and 
all the other factors are fixed. The first term will be decreased because <f>]2 
increases monotonical ly with A/C. However, the magni tude of the second term is 
also decreased because of its inverse dependence upon C. Thus, the performance 
equation yields a value for Q (the net rate of collection of thermal energy) 
which will be maximum for some value of C. In a realistic optimization process, 
other factors such as the flux distribution must be taken into account since the 
receiver temperature, T^, which governs the heat losses, depends upon the solar 
flux distribution impinging upon the receiver surfaces. 

The optical efficiency, which will be discussed below, is 

Po = P G 4> with a simple concentrator (5) 

and 

Po = P-| P2'^^^12‘^12 ^ two-element concentrator (6) 


B. INTERCEPT FACTOR 

The intercept factor, <)> , is the ratio of the energy entering a receiver 
aperture of a given size to the total concentrated energy reaching the 
focal plane. It is an important quantity because the rate at which solar 
energy enters the receiver is proportional to the intercept factor. To be 
meaningful, the intercept factor for a given solar concentrator must be 
specified together with the receiver aperture size or, equivalently, the 
geometric concentration ratio. Usually intercept factors of 0.95 or higher 
are of interest. 
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C. GEOMETRIC CONCENTRATION RATIO 

For solar thermal power the overall concentration of the whole beam is of 
importance rather than the peak concentration at the center of the whole beam. 

The overall concentration can be expressed as the geometric concentration 
ratio, C, which is the ratio of the concentrator aperture area to the receiver 
aperture area, for a given intercept factor. It is important to state the 
intercept factor when specifying the geometric concentration ratio. For 
example, a pinhole receiver aperture placed at the focus of any solar concen- 
trator may result in an enormous geometric concentration ratio, but the intercept 
factor would be extremely small. Stating geometric concentration ratio without 
specifying the intercept factor gives no information on how well the solar 
concentrator performs. 

When considering the concentrator alone with the receiver not defined, the 
receiver aperture, and hence the geometric concentration ratio, may be treated 
as an adjustable parameter. With a given concentrator, there is (as indicated 
above) a trade-off between intercept factor and geometric concentration ratio. 

If the intercept factor is low, much of the concentrated solar energy will not 
enter the receiver aperture and will be lost. If the intercept factor is higher 
with this same concentrator, the geometric concentration ratio will be lower, 
the receiver aperture will be larger, and hence the re-radiation losses from the 
receiver will be larger. 

The geometric concentration needed to provide reasonable receiver performance 
increases with the receiver temperature. At high temperatures, where re-radiation 
becomes very important, a small receiver aperture (high geometric concentration 
ratio) is highly desirable. Typical geometric concentration ratios for solar 
thennal dish systems are 200 to 5000 at an intercept factor of 0.95 os ■ iqher. 


D. OPTICAL EFFICIENCY 

The optical efficiency, 'ig, is the ratio: (energy delivered to the 

receiver aperture by the concentrator)/( solar energy incident upon the primary 
concentrator). For a single mirror, this efficiency depends upon its reflectance; 
for a pair of mirrors, on the product of their reflectances; for a lens, on 
its transmittance (which is influenced by the absorption within the lens and 
the reflection losses at its surfaces). Shadowing and blocking by objects in 
the optical path, such as structural elements, receiver, etc., as well as the 
intercept factor, contribute to losses in optical efficiency. 


E. FLUX DISTRIBUTION 

The normalized flux distribution is the flux distribution near the 
focus of the solar concentrator expressed as a ratio to the incident solar 
flux. For a fixed receiver aperture size, the focal plane flux distributions 
from two different solar concentrators may have the same intercept factor, the 
same geometric concentration ratio, and carry the same amount of energy, but 
may differ in the way in which the flux is distributed within the receiver aper- 
ture. Knowledge of the noniialized flux distribution is essential in the design 
of a receiver to match the concentrator since it affects the temperature distri- 
bution and the thermal stresses on the receiver. 
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F. EFFECTS OF SECONDARY ON PERFORMANCE 


As stated in the Introduction, there are two types of secondary concentrators; 
those that increase the geometric concentration ratio for a fixed intercept 
factor (or, equivalently, that increase the intercept factor for a fixed receiver 
aperture size) and those used to fold the optical path so that the receiver can 
be placed in a more desirable location. The first type will permit a smaller 
receiver aperture size for the delivery of the same amount of energy into the 
receiver and consequently will have reduced re-radiative and convective losses. 
However, there will be additional reflective or transmissive losses because 
of the presence of the secondary element, and the trade-off may result in a 
higher or lower optical efficiency, depending upon the optical design. Introducing 
a secondary to fold the optical path does not reduce re-radiative and convective 
losses; therefore, optical efficiency is usually lowered by the introduction 
of such a secondary. 

The optimum geometric concentration attainable for a given receiver tempera- 
ture with a simple concentrator (a single optical element) depends principally 
upon the focal ratio (focal length/diameter) and the slope errors of the optical 
surface. A secondary can increase the optimum concentration ratio because no 
practical primary concentrator is ideal. The primary cannot attain the thermo- 
dynamically possible solar concentration ratio of 46,000 because of optical 
aberrations. A parabolic primary mirror, for example, has a maximum geometric 
concentration ratio of about 11,000 at an intercept factor of 1.0. 


SECTION III 


SECONDARIES TO INCREASE CONCENTRATION 


An increase in geometric concentration means that the solar radiation can 
be passed through a smaller receiver aperture, and hence re-radiation and other 
aperture losses from the receiver can be reduced. This reduction in thermal 
losses may be used to increase the collector efficiency at constant receiver 
temperature, or to increase the receiver temperature at constant collector 
efficiency. An increase in receiver temperature may be desirable either to 
satisfy a demand for process heat at a higher temperature or to permit operation 
of a heat engine at higher Carnot efficiency and therefore at higher actual effi- 
ciency. Thus, a secondary concentrator which increases the geometric concentration 
may allow the system efficiency to increase or provide heat at a higher temperature, 
or both. 

For a maximum concentration ratio, light should leave the last optical element 
and enter the receiver aperture over as large a solid angle as possible. The 
maximum possible solid angle from the axis is 2tt for a planar receiver aperture 
such as that of a cavity receiver. If the sunlight reaches the receiver aperture 
over a more limited angular range, the attainable concentration ratio (at a given 
intercept factor) will be lower. Thus, a secondary concentrator may be used to 
provide a high input solid angle to the receiver, while allowing constraints upon 
the primary to be relaxed. For example, use of a secondary may allow the primary 
concentrator and the receiver to be farther apart. 

The increased geometric concentration provided by a secondary concentrator 
may also be used to lower concentrator cost. If a primary concentrator (without 
secondary) is to provide high concentration, it must have low optical errors and 
high optical accuracy. Therefore, it will probably cost more than a concentrator 
of low€!r quality. By adding a secondary concentrator, it may be possible to 
achieve the same overall concentration ratio with a primary of lower quality and 
cost. Since the small secondary should be relatively inexpensive, the total con- 
centrator cost may be reduced. 

In general, the higher the receiver temperature and the larger the errors 
in the primary, the more likely it is that use of a compound concentrator to 
increase the geometric concentration ratio will be worthwhile. 

As previously mentioned, a secondary concentrator should be small to minimize 
cost. If it is to increase concentration, it must reduce the focal length of the 
system and thus must itself have a very short focal length. Since in a two-element 
concentrator the receiver is located at the focus of the secondary, this type 
of secondary concentrator must be located close to the receiver. It may there- 
fore be advantageous to mount the secondary concentrator on the receiver or to 
design it as an integral part of the receiver. A secondary concentrator element 
located close to the receiver is called a "terminal concentrator." '(See References 
8 and 9.) 

A secondary optical element for increasing the geometric concentration ratio 
can be either a lens or a mirror. If a mirror is used, it may be either of the 
conventional imaging type or of the non-imaging type. These alternatives are 
discussed below. 
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A. CONCENTRATING SECONDARY LENSES 


The possibility of using a secondary lens in a concentrator for solar thermal 
power seems to have received very little consideration. It probably has been 
assumed that the cost of such a lens would be prohibitive. This assumption is 
not necessarily true. 

For example, if the diameter of the primary is 10 meters and its geometric 
concentration ratio is 1000, the diameter of a terminal secondary would be 
about 30 cm. The desired secondary concentration probably will be between 1,5 
and 10. For such a low secondary concentration, a very poor lens should be 
adequate. Absorption and consequential heating in the lens are likely to prove 
troublesome, as discussed below. Fresnel lenses (Figure 1) are thinner than 
conventional lenses of the same diameter and may be desirable in order to reduce 
absorption atid heating. Because both primary concentrator and receiver will 
subtend large angles as seen from the secondary, the light will cross the lens 
surfaces with a wide angular spread. This characteristic may make it difficult 
to design Fresnel facets with edges that do not intercept an appreciable fraction 
of the light and refract it away from the receiver. This problem apparently has 
not been investigated for solar secondary concentrators. Another problem is 
that it is difficult to make single-element lenses with the very short focal 
ratios desired; the practical limit is about 0.7. 

To reduce losses, an anti-reflection surface treatment or coating is desir- 
able and probably cost effective. With such a treatment the reflection losses 
might be less than 5%. 

No work, apparently, has been done on the design of secondary lenses for 
solar thermal power systems, nor any analysis of the optical performance of a 
compound concentrator using a secondary lens and suitable for solar thermal 
applications. 


B. SECONDARY IMAGING AND CONCENTRATING MIRRORS 

A secondary mirror placed close to the focus of the primary concentrator 
can be used to increase overall concentration. A conventional concave mirror 
could provide a small image of the sun (high concentration) if the focal length 
of this secondary is short. 

With this geometry (called a Schwarzchild configuration), the secondary mirror 
folds the optical path. The receiver and the power conversion subsystem (if one is 
used) are between the primary concentrator and the secondary, nearer the latter 
(Figure 3). If the secondary is small, the receiver and power conversion 
equipment will block a considerable portion of the beam reaching the secondary 
from the primary. Accordingly, this geometry is of little practical interest. 


C, NON-IMAGING SECONDARY CONCENTRATING MIRRORS 


1. Conical Secondary Mirrors 

A variety of secondary mirrors can be used which do not fold the optical 
path and can provide concentration without the blockage problem mentioned above. 
These are mirrors which do not form an image. Perhaps the simplest is the truncated 
conical mirror, often called the "Axicon" (Figure 4). The light from the primary 
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Increasing Concentration Ratio and Folding Optical 
Path with a Secondary Imaging Mirror: Schwarzchild 

Configuration (Note that receiver tends to block 
optical path from primary to secondary.) 
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Figure 4. Increasing Concentration Ratio with a Truncated 
Conical Secondary Mirror ("Axicon") 
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enters the large end of the cone, with the receiver aperture at the small end. 
Some analysis of the performance of this optical geometry has been carried out 
(Refs. 8 and 10). The results indicate that the performance will not be as 
good as that of other non-imaging secondaries discussed below. However, because 
of its simple shape, the Axicon is probably easier to manufacture, more readily 
mass-producible, and may be cost-effective. 


2. Compound Elliptic Secondary Concentrating Mirrors 

The compound parabolic concentrator (CPC; called a "parabolotoric focone" 
in the Russian literature) has attracted considerable attention as a primary 
solar concentrator, especially for line-focusing geometries (Refs. 10 through 
13). The CPC is designed to concentrate incoming light from a distant source 
such as direct sunlight, rather than the incoming rays from a nearby primary, 
which a secondary concentrator must handle (Refs. 10 and 14). A modification 
of the CPC which is more suitable for use as a secondary is the compound elliptic 
concentrator (CEC) (Refs. 14 and 15). For point focusing, the CEC consists 
of a toroid whose inner surface is a mirror. In axial section, each half of the 
mirror is an ellipse and has its focus at the opposite mirror surface (Figure 5). 
One end of the CEC is close to the focal plane of the primary; the receiver 
aperture is at the other end. Baranov (Ref. 16), Winston and Wei ford (Ref. 15), 
Poon and Higgins (Ref. 17), and others (Refs. 2 and 9) have analyzed the optics 
of compound concentrators using CEC and CPC secondaries. Their work provides an 
indication of the concentration attainable with parabolic primaries of various 
focal ratios and various surface slope errors.* The results indicate (to a 
first approximation) that the geometric concentration provided by the CEC secondary 
is independent of the surface slope errors of the primary. The secondary 
provides a fixed geometric concentration which, when multiplied by the primary 
geometric concentration, gives the overall geometric concentration of the system. 
For example, depending upon its slope error, an f/1.0 primary may have a geometric 
concentration ratio of 400 or 1600 at an intercept factor of 0.99. The secondary 
can provide an additional ideal concentration of about 4.8, making the overall 
geometric concentration ratio for the two cases about 2000 and 8000, respectively 
for the same intercept factor. 

On the other hand, the geometric concentration attainable by a secondary 
varies strongly with the focal ratio of the primary. With a given slope error, 
the geometric concentration attainable by a parabolic primary mirror is maxi- 
mum at a focal ratio of 0.5 to 0.6. At this primary focal ratio, a suitable 
secondary can increase the concentration by a factor of 2. If the primary focal 
ratio is 1.0, a secondary can increase the concentration ratio by almost a factor 
of 5. At a primary focal ratio of 2.0, a secondary can increase concentration 
16 times. The geometric concentration ratio attainable by a compound concentrator 
therefore can increase as the primary focal ratio increases (Figure 6), whereas 
the concentration ratio attainable by the primary alone decreases (beyond a 
focal ratio of 0.6). Thus, with concentrating secondaries there may be an 
advantage in using a long-focus primary. The concentration provided by a 
short- focus primary can be somewhat increased by adding a secondary, but the 


^ The surface slope error is a major contributor to spreading of the focal 
spot beyond its area for a perfect concentrator. Other optical errors, such 
as imperfect specularity of the mirror, can conveniently be considered equiva- 
lent to additional slope error of the primary mirror or lens. 
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Figure 5. Increasing Concentration Ratio with a Secondary Mir-ror 
Consisting of a Compound Elliptic Concentrator (CEC) 
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Figure 6. Geometric Concentration Ratio versus Focal Ratio of 
Parabolic Primary Mirror, with and without a CEC 
Secondary (Rectangular distribution of slope errors; 
intercept factor 1.0. Adapted from Baranov, Ref. 16.) 
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overall concentration may still be less than that attainable by redesigning for 
use of a long-focus primary with a suitable secondary. There may be a penalty 
in structural weight and cost in going to a longer primary focal length, and a 
trade-off analysis should be done. One means of mitigating the disadvantage of 
long focal length is folding the optical path as discussed below. 

An example of the performance attainable with a primary having moderate 
slope errors follows: A primary slope error of 4.8 mrad at f/1.0 permits a 

primary geometric concentration ratio of 390. The addition of a CEC secondary 
permits a further concentration of about 4.5 for an overall concentration of 
about 1800 (Ref. 18). This suggests the possibility of permitting moderate 
primary slope errors to reduce the cost of the primary and using a secondary to 
provide a rather high overall concentration.* The reflection loss at the secondary 
must also be considered; the trade-off in collector performance is discussed 
below. The effect of slope errors in the secondary has not been analyzed; it 
should be small because the secondary itself has a very low concentration ratio. 
Only rays entering the secondary close to the limits of both the acceptance 
angle and the secondary entrance aperture should be lost through secondary 
slope errors. 


3. Hyperbolic Trumpet Secondary Concentrating Mirrors 


Winston and Wei ford have proposed another geometry for non-imaging secondary 
concentrating mirrors (Ref. 19), This is a hyperbolic "trumpet" (Figure 7). 

Its small end is in the primary focal plane and its large end is between the 
primary and the prime focus. The hyperbolic trumpet may be regarded as a more 
sophisticated modification of the conical secondary, having a higher performance. 

Limited analysis of secondary trumpet performance has been reported (Ref. 20). 
One example is a parabolic primary mirror with a focal ratio of 0.6, a slope error 
of 1.8 mrad, and a concentration ratio of 2000 at an intercept factor of 1.0 
(Ref. 15). The hyperbolic secondary coul d provide a concentration ratio of 
about 1 .5, resul ting in an overall concentration ratio of about 3000 (Ref. 20), 
Alternatively, the secondary could be used to allow relaxation of the slope 
tolerance for the primary. 



Winston and Wei ford (Ref. 21) note that the hyperbolic "trumpet" secondary 
should be less sensitive to alignment error and other sources of beam spread than 
a CEC secondary and does not increase the overall optical length (unlike the CEC). 
Another advantage of the hyperbolic trumpet is that it should facilitate increas- 
ing the intercept factor; It can gather and refocus light on the aperture 
that would otherwise be Tost, possibly resulting in a significant improvement in 
optical efficiency. Further, only a small fraction of the light from the primary 
strikes the secondary (Ref. 18) which reduces the reflection loss at the secondary. 
One example (Ref. 20), for a mirror with a rectangular distribution of slope errors, 
shows a higher energy throughput at low and moderate slope errors for a hyperbolic 
trumpet than for a CEC at the same geometric concentration ratio; the reverse 
appears to be true with high slope errors. Meinel (Ref. 22) points out that 
reflections in the CEC tend to occur near grazing angles, at which the reflectance 


- 


Because the secondary is small, its cost should be relatively low. For a 
10-m primary, the CEC mentioned above has an entrance diameter of 0.5 m (fixed by 
the primary focal spot) and a length of 0.7 m. 
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Figure 7, Increasing Concentration Ratio with a Hyperbolic 
Trumpet Secondary Mirror 
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may be exceptionally high; whereas in the hyperbolic trumpet the angles of 
incidence are near normal. CECs will also generally be smaller than the corre- 
sponding trumpets and therefore may be cheaper. A hyperbolic secondary will 
shadow more of the primary than a CEC with a similar concentration ratio; this 
shadowing will increase with the focal length of the primary. 

A secondary to upgrade the performance of an existing parabolic dish concen- 
trator at the JPL Parabolic Dish Test Site (Edwards, California) is now being 
prepared for test. 


4. Other Non-Imaging Secondaries 

Unconventional primary concentrators may be combined with other secondaries. 
For example, Buzin (Ref. 23) has described a compound concentrator consisting of 
a conical mirror primary with a secondary which is a convex, roughly conical 
surface of revolution based on an off-axis parabola. 
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SECTION IV 

SECONDARIES TO FOLD THE OPTICAL PATH 


Use of a secondary mirror to fold the optical path may lead to cost savings. 

With the conventional parabolic dish, the receiver and, in many systems, the 
power conversion subsystem (engine and alternator) are located near the focus, 
well out on the sunward side of the concentrator and high off the ground. Since 
these components are heavy, a heavy and therefore somewhat costly structure is 
needed to support them. If this structure is attached to the reflector structure, 
its weight tends to deform the latter and hence distort the mirror and degrade its 
performance. Also, ducting for working fluid, cooling water, and electrical leads 
may have to be run to and from the receiver and power converter. There may be 
significant losses associated with these runs. Folding the optical path with a 
secondary mirror placed sunward (forward) of the primary mirror (Figure 2b) per- 
mits placement of the receiver and the power conversion subsystem immediately 
behind the primary. Since the secondary mirror can be much lighter than the 
receiver, engine, and alternator, a lighter and cheaper structure can be used to 
support it, and the loads due to the heavy components can be transmitted more 
readily to the support without distorting the primary mirror. Ducts to and from 
the receiver and power conversion subsystem are shortened. Also, the receiver and 
power conversion subsystem are located closer to the ground, making maintenance 
easier and cheaper. (Some of these advantages of folding the optical path do 
not apply if the primary is a lens rather than a mirror.) 

Other folding geometries may be considered. A secondary could be used, for 
example, to turn the optical axis 90° and bring the beam out to a receiver, there- 
by reducing blockage of the primary mirror by the receiver and power conversion 
subsystem. This is possible since the folding mirror, if located near the primary 
focus, could be smaller in diameter than these other components. Essentially, the 
same result could be attained by using a similar small mirror near the focus to 
fold the beam 180° to a receiver at or behind the primary mirror. The reduction 
in blockage must also be traded off against the reflection loss at the secondary 
and the possible structural complications of the off-axis configuration. 

A secondary which folds the optical path introduces reflection or transmission 
loss at the secondary. Also, it usually lengthens the optical path, which tends to 
reduce the geometric concentration ratio at a given intercept factor. This increases 
the receiver aperture size and, hence, increases the receiver thermal losses. Optical 
efficiency therefore often is lowered by a secondary which folds the optical path. 
However, as discussed below, it is possible to use the folding secondary (or 
additional optical elements) to reduce optical aberrations, which can permit the 
geometric concentration ratio to increase and so increase the efficiency, or at 
least reduce the loss in efficiency which would otherwise occur. 

A rather cursory look indicates that folding the optical path may be most 
useful in systems that provide process heat; shortening the ducts that carry 
high-temperature fluid to and from the receiver reduces thermal and fluid-dynamic 
losses; placing the receiver lower should reduce maintenance costs appreciably 
in such applications. 
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A. CASSEGRAINIAN CONFIGURATIONS 


A Cassegrainian optical system utilizes a primary concave parabolic mirror 
and a secondary convex hyperbolic mirror, located between the primary and the 
prime focus (Figure 2b). It is a convenient means of folding the optical path 
to a receiver at or immediately behind the primary. 

To keep the secondary small, it must be located near the focus of the primary. 
The overall optical path is then almost doubled by insertion of the secondary. 

This configuration almost doubles the diameter of the focal spot and reduces the 
geometric concentration by almost a factor of four. This design is therefore 
unlikely to be cost-effective except in systems operating at low receiver 
temperatures. 

The secondary can be placed nearer the primary if it is somewhat larger. 

If the position of the secondary focus is not changed, the overall optical path 
will be less than v/i th a small secondary (Figure 8), and the loss in geometric 
concentration also will be less. The secondary, however, will block more of 
the incoming light to the primary. A hole can be left in the center of the 
primary corresponding to the area shaded by the secondary, but the structure to 
support the primary will cost more than the structure for a primary of the same 
reflective area without a hole. The loss in geometric concentration will 
generally be more serious than the shadowing by the secondary. 

In addition to folding the beam, Cassegrainian geometry offers the possi- 
bility of using a parabolic primary with a very short focal ratio (shorter than 
0.6), which gives the maximum geometric concentration on a flat aperture for a 
paraboloid alone (Ref. 24). The secondary converts the highly convergent primary 
beam configuration to a less convergent beam that is more suitable to a plane 
aperture (Figure 9). In this configuration the extremely short- focus primary 
can provide a higher geometric concentration that may compensate, at least in 
part, for the decrease normally introduced by the hyperbolic secondary. Such 
geom€!tries need further investigation. One disadvantage of this design is that 
the outer portion of the primary is at a high angle to the plane normal to the 
sun line, and therefore tends to increase mirror area and cost faster than it 
adds projected area for intercepting and collecting sunlight. 

See References 24 through 34 for other analyses of the design of Cassegrainian 
solar concentrators. 

B. GREGORIAN CONFIGURATION 

A Gregorian configuration consists of a concave parabolic primary mirror 
and a concave elliptic secondary mirror located beyond the primary focus (Figure 
10). A Gregorian has a longer overall length than the corresponding Cassegrainian, 
requires additional structure, and appears to offer no advantage over a Cassegrainian 

C. RITCHEY-CHR^TIEN AND OTHER CORRECTING SECONDARIES 

A parabolic primary mirror, if optically perfect, focuses to a point (within 
the limits of geometrical optics) the light incoming parallel to its optical 
axis. Light incoming at an angle to the axis is not focused to a point. This 
optical aberration, known as coma, seriously degrades the concentration attainable 
with short focus paraboloids for an object such as the sun, wfiich subtends about 
half a degree. The degradation becomes even worse if the sun is off the optical 
axis. 
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Figure 8. Cassegrainian or Ri tchey-Chr§tien Configurations with Different 
Positions of the Secondary: (a) Secondary near prime focus, 

(b) Secondary 1/3 way from prime focus to prime vertex, ihe 
optical path is shorter in (b). 


ro 



Figure 9. Cassegrainian or Ritchey-Chretien Configuration with Very 
Short Focal Length Primary 





Fiqure 10. Folding Optical Path with a Secondary Mirror 
Gregorian Configuration 
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Coma and certain other optical aberrations can be corrected by using a 
primary that deviates appropriately from a parabolic shape, together with a 
suitable secondary. One such configuration is the Ritchey-Chr^tien, a modi- 
fied Cassegrainian in which the primary and secondary deviate slightly from 
parabolic and hyperbolic shapes, respectively. For a folded-beam concentrator, 
the Ritchey-Chretien is preferable to a conventional Cassegrainian and should 
provide a significantly higher geometric concentration. The merits of this and 
other aberration-correcting configurations for solar concentrators should be 
investigated further. 

0. THREE-ELEMENT CONCENTRATORS 

A variety of three-element configurations may offer advantages for solar 
concentrators. For example, a Ritchey-Chretien might be utilized to fold the 
beam, with a third element added close to the secondary focus to provide further 
correction of aberrations or to increase geometric concentration in other 
ways. This design combines the advantages of a folded optical path, a fairly 
short overall length, and a high geometric concentration ratio, at the expense 
of optical losses at three elements, which can be a severe penalty. A 
Cassegrainian concentrator with a CEC or CPC tertiary mirror (Figure 11) has 
been briefly examined (Refs. 18 and 33). 

Another three-element configuration that may be worth evaluating uses a 
third mirror to fold the beam to a focus just beyond the secondary (Figure 12). 
This compound concentrator could have very short overall length. The three 
elements would permit a high degree of correction for aberrations, and thus 
could provide a high concentration ratio. The secondary would need a central 
hole to pass the beam from the tertiary mirror. 
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Figure 12. Folding Optical Path and Increasing Concentration Ratio - Possible 
Three-Element Configuration: Short-Focus Ritchey-Chretien plus 

Concave Correcting/Folding Mirror 



SECTION V 


AREAS NEEDING ATTENTION 


To permit adequate assessment of the advantages and disadvantages of the 
various optical geometries discussed above and their applicability to parabolic 
dish solar thermal power systems, work is needed in several technical areas. 
These areas are considered briefly here. 


A. OPTICS 

Rather limited research has been done on the optical performance of the 
various compound configurations for solar thermal systems. It is not clear 
whether efficient optical analysis computer programs exist for many configur- 
ations. Such computer programs should preferably use cone optics (Refs. 34 
through 39) rather than ray optics to reduce the computational cost and should 
take into account slope and position errors in the optics and lack of specularity. 
The output preferably should be in the form of a flux distribution at and near 
the focal plane and of intercept factor as a function of radial distance from 
the focal point in the focal plane. If lenses are used, thus introducing 
chromatic aberration, flux distribution should be integrated over the solar 
spectrum. 

B. HEAT TRANSFER 

As mentioned earlier, the heat flux incident upon a small secondary or 
tertiary will be fairly high. This is likely to cause problems with distortion, 
cracking, or oxidation. To dissipate the heat and to keep the secondary or 
tertiary temperature low, means for cooling must be provided. Depending upon 
the design and materials, these may be passive: radiation, free convection, 

and conduction; or active: forced convection of air, water, or other fluids. 

Apparently, no work in this area has been published for parabolic dish solar 
concentrators. Heat transfer calculations for representative designs are 
needed. Water-cooled laser optics are, however, currently available (Appendix 
B) and may provide a good starting point for solar work. 

C. MATERIALS 

For small secondaries or tertiaries, there is much incentive to use materials 
with high reflectance or transmittance to reduce optical losses in these elements 
and the associated heating problems. High reflectance may be difficult to 
maintain at high temperatures. Other material characteristics needed are 
minimum distortion, resistance to cracking and, depending on the design, good 
thermal conductivity. 

For secondary and tertiary mirrors, a substrate of low-expansion or leached 
glass or one of metal with suitable high-temperature thermal, mechanical, and 
optical characteristics may be practical. A major problem may be finding a 
reflecting layer that will retain good reflectance at the temperature of service. 
Further effort is required in this area. One obvious approach is vapor-deposited 
aluminum protected from oxidation by a suitable inorganic coating. Water-cooled 
metal reflectors with front surfaces of aluminum, silver, and other materials and 
appropriate overcoats are being used successfully for laser optics (Appendix B). 
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For secondary and tertiary lenses, heating probably will be too great for 
the lens to be made of plastic. Soda-lime glasses are inexpensive, but have high 
thennal expansion and tend to fracture under thermal shock. Tests to determine 
whether they can withstand the shock of sudden incidence of concentrated sunlight 
would be worthwhile. Low-expansion glasses such as borosilicate are probably 
preferable. Leached glass (Vycor) has lower thermal expansion, and fused silica 
still lower. Fused silica, however, cannot be molded and would have to be ground 
to shape, which would be expensive. Borosilicate and leached glasses can be 
molded and probably would be the most suitable materials. Molded glass Fresnel 
lenses are produced in quantity for marine use and for traffic signals. In 
mass production the cost should be only a few dollars per lens. 

D. SYSTEMS 

Compound concentrators must be evaluated as part of a solar thermal system. 
The pros and cons of increases in geometric concentration, changes in optical 
efficiency, changes in structural configuration, etc., depend upon consideration 
of the dish system as a whole. 

One possibility that needs particular attention is the use of heat depo- 
sited in the secondary to preheat the working fluid going to the receiver. 

Whether this is practical or useful depends upon the power conversion cycle 
employed, the operating temperatures, etc. No analysis of this approach has 
been published to date. If the technique appears useful, it may be advantageous 
to integrate the secondary with the receiver as a terminal concentrator. 

E. PERTINENT WORK ON OTHER APPLICATIONS 

In addition to the limited effort underway in the various technical areas 
concerning compound concentrators for solar thermal use, there is also a body of 
work on similar problems for at least two other applications; solar thermophoto- 
voltaics and laser optics. Such work is reviewed briefly in Appendixes A and B. 
Some of this technology should be directly applicable to compound solar thermal 
concentrators, particularly to optics of compound concentrators, and in the design 
and fabrication of high-temperature optical elements using active cooling. 
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SECTION VI 


CONCLUSIONS 


For parabolic dish solar thermal power systems, compound concentrators 
offer possibilities of 1) folding the optical beam to reduce structural costs 
or to permit a better location for the receiver and power conversion equipment 
and of 2) increasing the geometric concentration ratio to reduce receiver losses 
or to maintain performance while relaxing tolerances or other requirements on 
the primary concentrator. 

A wide variety of compound concentrators may be considered. Secondary 
elements of these concentrators may be lenses or mirrors, imaging or non-imaging. 

A secondary concentrator does not necessarily lower optical efficiency. It 
may increase overall optical efficiency by increasing the intercept factor or by 
reducing optical aberrations. 

A primary concentrator design which is optimum when used alone may not be 
optimum when used as part of a compound concentrator. 

Further effort is required in the areas of optical analysis of compound con- 
centrators, associated heat transfer, materials, system analysis, and design. 
Existing achievements in laser optics may prove applicable to the solar thermal 
field. 
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IX 


Interest in high-energy lasers has led to development effort on laser 
optics. The radiant fluxes which must be handled range from 5,000 to 
1 ,000,000 kW/m2. 

Water-cooled mirrors have been developed for such applications. Typi- 
cally, they utilize a substrate of copper or molybdenum upon which is 
deposited a reflecting layer of silver or a dielectric coating tuned to pro- 
vide high reflectivity at the laser wavelength. An evaporated overcoating, 
such as thorium fluoride, may be applied over the silver to retard tarnish- 
ing. The substrate is brazed to a heat exchanger of the same material 
which defines the channels through which the cooling water flows. Optics of 
this kind are commercially available. More information is given in 
References 41 through 43. 

This work should be of help in developing water-cooled secondary mirrors 
if they are needed for solar thermal power systems. 
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APPENDIX A 


CURRENT WORK ON SOLAR THERMOPHOTOVOLTAIC3 



Work has been actively under way for several years on the feasibility of 
solar thermophotovoltaic conversion. This work has been sponsored primarily 
T- by the Electric Power Research Institute (EPRI). 

f The concept consists essentially of focusing sunlight into a cavity 

; receiver whose wall constitutes a radiator. The exterior of this wall re- 

Vi' radiates the absorbed energy into a second cavity, whose outer wall is composed 

b ' of a photovoltaic cell. The unit is thus a photovoltaic device with two 

: • special features: 

(1) The radiator acts as a frequency down-shifter, which converts the 
solar radiation to a spectral distribution better matched to the 
band-gap of silicon PV cells and hence increases their efficiency. 

(2) The dual-cavity configuration greatly reduces losses from reflec- 
tion and re-radiation. 

Parametric study (Ref. 40) indicates that for efficient performance radi- 
ator temperatures of 1500 to 2000°C (2700 to 3600°F) are needed, with geo- 
metric concentration ratios of 5,000 to 15,000. To achieve these concentra- 
tions, compound concentrators using a secondary concentration ratio of 
about 4 together with a primary concentration ratio of 2,500 to 3,500 have 
been examined, and the error tolerances analyzed. A design has been proposed 
which incorporates a faceted parabolic primary mirror and a CPC secondary. 

A window over the secondary entrance aperture would be used to further 
reduce thermal losses; both the secondary mirror and the photovoltaic cells 
would be water-cooled (Ref. 40). This work may be useful in the design of 
compound optics for solar thermal power systems. 
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